ABSTRACT
INTRODUCTION: THE CHALLENGE OF ANNOTATIONAL ANALYSIS
Today, 'post annotational analysis' of sequenced genes is a challenging task for molecular biologists. Current strategies for the annotation of completely sequenced genomes focus on understanding the role of genes in the more general context of gene expression and regulation. The reconstruction of metabolic pathways for example could help to identify novel genes and verify a current annotation. Different systems (Karp, 1998; Kanehisa and Goto, 2000; Michal, 1999; Wackett et al., 1999; Selkov et al., 1998; Karp et al., 2000; Overbeek et al., 2000; Ellis et al., 2000) already accomplish the visualization and analysis of metabolic pathways at a varying level of detail and flexibility: most systems like Kegg (Kanehisa and Goto, 2000) , the Boehringer Mannheim wall charts (Michal, 1999) or the Biocatalysis/Biodegradation database (Wackett et al., 1999) employ static methods for the visualization of metabolic data. This not only limits the usefulness of the respective tools, but also increases maintenance costs. More dynamic visualization tools like WIT (Overbeek et al., 2000) , MPW (Selkov et al., 1998) or EcoCyc (Karp et al., 2000) are mostly restricted to a few linear reactions or limited input data. A novel tool that visualizes the pathways contained in a constantly evolving genome annotation depends on dynamic methods on the level of metabolic pathways. While manually created drawings can only represent general 'master pathways', dynamic visualizations can reflect individual metabolic pathways. In difference to programs like BioJake (Salamonsen et al., 1999) or the approach of Küffner et al. (2000) a new system should already contain a standardized set of commonly well known pathways to facilitate the usability. To speed up for example the annotation process visualization should also focus on the pathway perspective instead of representing single molecules. Actual pathway maps showing already identified enzymes also provide useful information (individual metabolic equipments) for further annotation strategies. As shown by Zien et al. (2000) the integration of pathways and other data offers substantial new insight into a genome.
THE PATHFINDER SYSTEM AND METHODS
The PathFinder system was developed to identify metabolic pathways realized in a genome based upon annotation data:
• dynamic visualizations of metabolic maps should provide the user with information on gene expression and regulation; • incomplete pathways have to be detected, and available data related to missing enzymes should be available to support annotational analysis; • establishing a data structure for metabolic pathways involves implementation of suitable methods for their dynamic visualization.
To fulfill these goals the current system consists of several main modules (see Figure 1 ):
• a parser for annotation data;
• a drawing tool for the dynamic visualization of biochemical information; • algorithms for pathway evaluation;
• a relational database for storing metabolic pathways;
• methods for the manipulation of pathways;
• a front end for the interaction with the user.
In the following subsections, we take a closer look at the different modules of PathFinder.
Dynamic visualization of metabolic pathways
Metabolic pathways are represented as directed acyclic graphs and visualized using the VCG-tool (Sander, 1995) :
• nodes represent biochemical substrates and products;
• edges with EC-numbers (enzyme classification) as labels represent the chemical reactions catalyzed by these enzymes. For edges representing reversible enzymatic reactions an additional flag is set which denotes the bidirectional catalytic activity; • differential colouring indicates whether an EC-number was found in a submitted annotated sequence or not; • nodes drawn as rhombs (external nodes) represent metabolites which play distinct roles in a metabolic pathway, e.g. amino acids or other end products; • ellipses represent other pathways connected to nodes in the selected graph.
The required data for a pathway are translated into GDL, a graph description language, interpreted by VCG which renders the graph layout (see Figure 2 ). Although VCG was originally designed for the visualization of compiler graphs, its layout algorithms can be adapted to metabolic pathway visualization as well. Several parameters and options for the graph layout were used to optimize the representation.
As VCG was designed to handle large graphs, the computation of graph visualizations is performed efficiently by the VCG-package.
Pathway evaluation: chunks and subways
For the evaluation of annotated pathways we introduced two additional terms for metabolic pathways:
• Chunks: the maximal non-branching subpaths in a graph, which can be considered as smaller units of successive reactions. In a chunk with several edges (enzymes) one or more annotated enzymes may indicate that all reactions of this chunk have to be passed by the organism. This implies that each edge of such a chunk must have at least one annotated enzyme to perform the whole chain of reactions in a chunk. Information about missing enzymes in these chunks can then be used to search for the respective genes and to improve the annotation. The 'chunk score' is calculated as the percentage of all realized reactions in a chunk.
• Subways: acyclic subpaths between two external nodes. They represent a linear succession of biochem- ical reactions between distinct chemical compounds (e.g. from L-aspartate to L-lysine). Subways provide a systematic method for the user to focus on certain parts in a metabolic pathway. Defining the external node type for all compounds of interest the user can calculate and analyze all possible linear reactions between two nodes. Subways can be compared with elementary modes of flux (Schuster et al., 1999) although they do not consider any proportions of fluxes carried by the enzymes. A subway between two external nodes is considered a 'valid subway' whenever all constituing chunks have a score higher than the user defined 'chunk threshold'.
The metabolic pathway database PathwayDB
A Relational Database Management System (RDBMS) is used to store the pathway data, but in the application we use an object-based paradigm. For the implementation of the database we used the O2DBI-tool (Clausen, 2001) . A brief description of the database format can be found at http://pathfinder.genetik.uni-bielefeld.de/Help htmls/ help.html#database. The information on pathways was added manually since existing databases provided no suitable format for automatic integration of these data. A set of 'master pathways' for the synthesis of all amino acids containing data similar to the standard metabolic pathways in KEGG (Kanehisa and Goto, 2000) was extracted from static pathway maps, translated to the directed acyclic graph structure and stored into the database. The information on pathways, nodes, edges, chunks and subways can be accessed by manipulating corresponding Perl objects using their private object methods. 
The PathwayDB editor
The current version of the PathwayDB editor provides most of the required functions for all edit operations (e.g. add or delete nodes/edges) on metabolic pathways. Implemented as a Perl/Tk graphical user interface the PathwayDB editor (see http://pathfinder.Genetik. Uni-Bielefeld.DE/screenshots/pathway editor.html for a screenshot) operates directly on the database and manipulates the pathway graphs. Starting from the 'master pathways' obtained from KEGG (Kanehisa and Goto, 2000) and the Boehringer Mannheim wall charts (Michal, 1992) each graph can be reduced or expanded according to the individual needs for each annotated organism. Novel metabolic pathways can be added easily by using the PathwayDB editor in order to extend the database. The current pathway itself can be displayed in a separate window or visualized by the interactive VCG viewer with additional features (e.g. for navigation through the graph, scaling, centering of nodes, following edges, etc.).
The web interface
A web interface helps to extract meaningful information from the PathwayDB. The user chooses the pathway of interest and an image representing the pathway for the current genome data is computed and then presented to the user via the web front end. Application of subway analysis for two selected external nodes in the graph supports the identification of missing enzymes and the detection of complete and incomplete pathways. PathwayDB aims at comparing pathways at the microscopic level and therefore it can be used for dynamic visualizations of metabolisms from a whole genome perspective. Currently there is no visualization of molecules available in our system.
Implementation
For reasons of speed, efficiency and portability PathFinder was developed under UNIX using the object oriented approach of the Perl 5 programming language. We used PostgreSQL (Momjian, 2000) as RDBMS. The main structural parts of the programs have been implemented in separate modules for better maintenance and independent reusability.
APPLICATION: FIND MISSING ENZYMES IN THE ANNOTATION OF BACILLUS SUBTILIS
USING PATHFINDER The following example shows some of the features and demonstrates the application of PathFinder. Checking the lysine biosynthesis pathway for missing genes we analyzed the first release of the B.subtilis annotation † (Kunst et al., 1997) with PathFinder. All enzyme coding genes with an annotated EC-number are read from the B.subtilis annotation with the parser. The table below shows the first result counting the number of identified enzymes in each pathway described in PathwayDB. The percentual values give a rough impression of the biochemical features in the organism. For a detailed analysis and visualization the user can choose the pathway of interest. As illustrated in Figure 3 missing enzymes are shown in black and identified enzymes are underlined. Dotted edges mark a biochemical subway between the external nodes L-lysine and L-aspartate. The single grey edge with EC-number 5.1.1.7 representing the enzyme diaminopimelate epimerase was not found in the standard annotation data of B.subtilis. In this case the user might try to find an appropriate DNA or protein sequence related to this obviously missing enzyme. All available enzyme related information can be accessed easily via the chunk-analysis page where each enzyme is linked to the ENZYME-database (Bairoch, 2000) . The screenshot in Figure 4 shows all calculated chunks in the lysine biosynthesis pathway.
In case of EC-number 5.1.1.7 (ENZYME: ID 5.1.1.7) the user can find a link to a SWISS-PROT entry (Bairoch and Apweiler, 2000) related to this enzyme in B.subtilis (SWISS-PROT: AC O32114). Based on the information of this SWISS-PROT entry the current annotation for B.subtilis can be improved or completed. Whenever another annotation for missing enzymes can be found for the organism the identified genes can be adapted. Otherwise annotated genes for the same enzyme in similar organisms can be used to find the corresponding gene using Blast (Altschul et al., 1990) or Pfam (Bateman et al., 2000) strategies.
DISCUSSION AND CONCLUSION
Metabolic pathways stored as directed acyclic graphs can be considered a basic concept for the dynamic representation and visualization of biochemical information. PathFinder is a powerful dynamic visualization tool for metabolic pathways. It allows the user to navigate through the genome of interest and look at it from a pathway perspective. The web-based applet needs no additional program setup and maintenance by the user but it could as well be implemented as a stand-alone application to store, modify and visualize pathways accurately responding to individual requirements. Given a developing annotation PathFinder can be used to test the current degree of accuracy and completeness of the annotation. Besides the identification and verification of annotation data this approach may be used for several other applications (e.g. gene cluster analysis, interpretation of expression profiles) as well. Utilizing the PathFinder system for the analysis of gene expression data (Zien et al., 2000) or multiple alignment methods (Tohsato et al., 2000) , particularly in combination with the evaluation of chunks and subways, should ease discovery in these recently evolving fields. The PathFinder system is being integrated into the locally developed genome annotation system GENDB with extended functionality. For future versions of the PathFinder system we are planning to integrate a reasoning module for the validation of identified subways and a module for the visualization of molecules.
